A novel concept of a moveable cowl is introduced for improving the performance of integrated hypersonic waverider designs. These vehicle designs are typically computed at one design Mach number. Thus, o -design performance su ers because of ow spillage at the engine inlet. A moveable cowl can be used to track shock on lip conditions to capture o -design ow. In this paper the concept of a moveable cowl is discussed to control local and global effects of hypersonic waveriders. Speci cally, a simple caret-wedge con guration is used to study the on/o design performance and the pitch control sensitivity of a moveable cowl. 
Thus, o -design performance su ers because of ow spillage at the engine inlet. A moveable cowl can be used to track shock on lip conditions to capture o -design ow. In this paper the concept of a moveable cowl is discussed to control local and global effects of hypersonic waveriders. Speci cally, a simple caret-wedge con guration is used to study the on/o design performance and the pitch control sensitivity of a moveable cowl. 
Introduction
E cient hypersonic vehicle designs will consist of an engine integrated to an airframe. Because of the nature of hypersonic vehicle designs, a key element of the design is performance of the engine during various ight regimes. With so much invested in the engine, it is of extreme interest to be able to ensure that the engine operates at peak e ciency and maximizes the performance of the vehicle as a whole. One way to enhance the e ciency of the engine on a hypersonic vehicle is with a moveable or adaptable cowl.
A moveable cowl is usually considered a necessity on hypersonic vehicles to allow shock on lip conditions during the acceleration phases of a mission 1 . Therefore, by allowing the cowl to move with the change in the shock position, proper mass ow can be taken into the engine without any ow spillage. Also the lift produced by the inlet is enhanced when ow spillage is minimized. In addition to these aerodynamic and propulsion considerations, a moveable cowl also provides the opportunity to prevent over heating of the cowl lip and provide an alternate method of pitch control for a hypersonic vehicle. Therefore, a moveable cowl can be looked at in two regimes, local e ects, with small movements of only millimeters or centimeters, and global e ects, with movement up to several meters. Local and global e ects of the cowl movement can be summarized as follows:
Local e ects: Avoidance of Type IV shock interactions, which produce potentially devastating heating rates Ability to move cowl to desired location in the presence of atmospheric uncertainties, thermals, So the total derivative of the shock is given by:
State Equations
There are four possible methods for moving the cowl. 1) x-direction only 2) y-direction only 3) x and y-direction (minimum distance to shock) and 4) angular rotation. For the present analysis only methods 1-3 are used in this paper since they are the most plausible. With this being the case, if one were trying to match shock on lip criteria, then the states necessary for control would be the shock distance from the cowl lip and the velocity of the shock with respect to the lip. Assuming a two-dimensional inlet system with an arbitrary number of inlet ramps, the state equations can be developed for each of the three cases considered.
For the x-direction (y xed) cowl movement, the the location of the shock can be de ned as:
where y o , s , and refer to the xed y-location of the cowl lip, shock angle, and the total increment of de ection angle from multiple ramps, as de ned in g. Finally, for the case where the cowl is allowed to translate in both the x and y-directions, the distance to the shock is given by:
with the derivative given by:
Local E ects Type IV Shock Interaction Avoidance A Type IV shock interaction occurs when a shock impinges on a bow shock in the subsonic regime 3 . This can be seen in g. 2. This type of interaction leads to very high heating rates, which are undesirable on the shock lip where the structure is relatively small. Instead it would be more desirable to reposition the shock such that a Type V/VI interaction occurs. This would allow the lowest heating rates.
Interaction Modeling A controller can be developed which moves the tip of the cowl to maintain a Type VI shock interaction. This would result in the lowest heating rate applied to the cowl lip. Refering to g. 2, let P be y above the cowl nose and x in front of the point T on the cowl. The equation of the impinging shock is 3 :
where r is the cowl radius and is the shock angle. The subsonic region behind the bow shock is located approximately between rays at angle from the origin where: = 2 ? max (20) and max is the maximum wedge angle for the oblique shock. In fact at M 1 , one would like the intersection of the impinging shock and the bow shock, S, to be above point R.
The exact equation of the bow shock is given by 4 
AR is given by: 
Therefore, a controller can be made which keeps the point x S greater than x R throughout the mission.
Global E ects Vehicle Model for Global E ects
In order to understand the global e ects of a moveable cowl, on vehicle performance, a generic hypersonic caret-wedge waverider with scramjet propulsion code has been developed. The code uses a simple geometry with inviscid quasi-1-D ow. Fig. 4 shows the geometry of a vehicle generated by this code. Below is a basic description of the equations used in modeling the vehicle.
Caret-Wing/Wedge Con guration
The caret-wedge waverider is generated by a 2-D forebody producing a 2-D oblique shock, which is attached to the caret-wings. The top of the wedge is a at surface. If the vehicle is at an angle of attack, either an oblique shock or Prandtl-Meyer expansion is formed on the top of the wedge and wing sections.
Inlet
Because of the 2-D nature of the caret-wedge waverider the inlet consists of an arbitrary number of inlet ramps each producing a 2-D shock, given by eqn. 1, which is attached to the caret-wings. The ow after the nal ramp is then turned back to freestream by a nal shock which is also modeled by eqn. 1. Fig. 5 shows the shock structure of the inlet.
Combustor
Since the purpose of this study is to understand the e ect of cowl movement on a hypersonic vehicle, the combustor has been modeled by a simple quasi-1-D method instead of by detailed a detailed model of the molecular reaction e ects. The temperature pro le along the x-direction of a typical scramjet engine has been assumed. The combustor has been chosen as a constant area combustor. In uence coe cients given by Shapiro 5 have then been used to determine the thermodynamic variables throughout the combustor. The length of the combustor has been assumed to be 3 meters long, a resonable approximation for an actual vehicle.
The temperature pro le is approximated by the following equation:
T(x) = 
So that, the iteration scheme uses the in uence coefcients from above at each increment of the combustor, and then the corresponding Mach number and total pressure are solved recursively:
P 2 oi+1 = P oi + dP oi P oi P oi (47)
With this recursion, all other thermodynamic properties can be obtained.
Nozzle Fig. 6 shows the geometry of the nozzle. A at plate has been used with two expansion waves at the corner and bottom of the cowl lip. The method of characteristics 6 has been used to determine the forces on the nozzle surface. A typical nozzle would have a very complicated ow pattern due to the plume shock generated from the expansion fan at the end of the cowl lip 7 . However for purpose of analysis, this can be neglected as long as the last characteristic line does not intersect with the nozzle surface 7 .
Shock on Lip
To illustrate the typical movements of shock locations, two missions have been studied, an acceleration to design Mach number, and a cruise mission with atmospheric disturbances. A forebody, similar to g. 1, with de ection angle of 6 deg and three inlet ramps of 5, 4, and 3 degrees respectively have been used. The length of the inlet has been assumed to be 30m long.
Acceleration Mission
For this study an acceleration of 0.5g's has been assumed for the vehicle. The design Mach number is 10, and it is assumed that the scramjet engine will turn on at Mach 6. Since scramjets are particularly sensitive to mass ow conditions, only the scramjet portion of the mission acceleration is considered. The x-coordinate and y-coordinate movements of the shock locations versus Mach number can be seen in gs. 7 and 8 respectively, and x-coordinate and y-coordinate movements of the shock locations versus time can be seen in gs. 9 and 10 respectively.
It can be seen that for an acceleration mission only one shock will be able to be tracked to the cowl lip. This will most likely be the fourth shock for engine considerations, and it also has the smallest changes in translation. It is clear that the bandwidth is small then to track the fourth shock on this particualr mission.
Cruise Mission
In reality, the atmosphere is not deterministic and the standard atmosphere is just an approximation which neglects thermals, gusts, etc. that may be encountered in actual ight. This section looks at the e ects of these on the movement of the inlet shocks. A thermal is assumed to occur randomly once every 20 km, being randomly 0.1-2 km long, with a random temperature distribution of plus or minus 10 degrees. A wind gust has also been assumed to occur randomly once every 20 km (not necessarily at the same thermal location), being randomly 0.1-2 km long, with a velocity distribution of plus or minus 15 m/s. The cruise mission was given a range of 500 km. Figs. 11 and 12 show the change in location of the shocks over range for this particular mission. Figs. 13 and 14 show the change in location of the shocks over time. As shown small random disturbances in the atmosphere can produce signi cant changes in shock location, primarily in the x-direction. These shock movements can have pronounced e ects on the vehicle dynamics (described below). For this type of mission a faster cowl controller would be needed but would not be required to move as great a distance as the acceleration mission 5 American Institute of Aeronautics and Astronautics cowl.
It should be noted that if the cowl were to move to these particualr distances, the vehicle's moment and other aerodynamic forces would change which could produce changes in the shock angles of the forebody. Therefore, the dynamics of the cowl must be taken into account to get a realistic understanding of the problem. This is taken up in the next section.
Pitch Control Capability
A vehicle was generated from the above design code. Fig. 4 shows the geometry. With this vehicle on design, the cowl was allowed to translate in the positive and negative x-direction. For the case considered, the vehicle is assumed to be on-design and in level ight at zero degree angle of attack. Since the purpose of this section is to show that pitch can be a ected by cowl movement, no constraint was placed on the vehicle being trimmed. The forces on the cowl lip were calculated by assuming an expansion fan on the bottom of the lip when moved in the negative x-direction and atmospheric pressure on the front when moved in the positive x-direction, shown schematically in g. 15. Fig. 16 shows the moment produced on the vehicle when the cowl is translated along the x-direction. As can be seen, the negative movement of the cowl does produce a substantial change in vehicle moment. However, the movement in the positive x-direction does not produce any change in moment. This is true only under the current assumptions of the cowl being massless and at zero angle of attack. This case would correspond to an uncontrollabilty of the dynamics with positive cowl movement. The above example demonstartes the potential for vehicle control via cowl movement. Further analysis is necessary however to dynamically y a vehicle while allowing movement of the cowl.
Summary and Conclusions
A novel concept for controlling shock on lip criteria has been presented. Preliminary analytical and simulation results indicate that it is possible to move the cowl lip to control local and global e ects. Further research is required to couple the dynamics of the cowl with the vehicle. 
